Abstract--Recent studies demonstrate that osteocyte processes directly attach to the canalicular wall at discrete, infrequent collagen hillocks, most likely via integrins. In the current paper, we develop a model for these attachment complexes to determine whether they would induce focal strain amplification. Our model predicts that axial strains on the osteocyte process membrane in the vicinity of integrin-based attachments are approximately two orders of magnitude larger than whole bone tissue strains due to the sliding of actin filaments relative to integrin-based attachments. This large strain amplification can provide a mechanism for osteocyte excitation.
I. INTRODUCTION
A fundamental paradox in bone biology is how osteocytes can experience sufficiently high cellular-level strains (>0.5%) needed for mechanical stimulation 1, 2 whereas whole bone tissue strains in vivo are typically <0.2% 3 . Strain amplification models 4, 5 explain this paradox: the resistance of the pericellular matrix to the load-induced fluid flow through the lacunar-canalicular porosity can result in high hoop strains on the osteocyte process membrane. However, the mechanotransduction elements still remain to be elucidated because none of the likely molecules in the tethering complex surrounding osteocytes are known as mechanotransducers. Recent studies 6 show that osteocyte processes directly attach to the canalicular wall at discrete, infrequent collagen hillocks, most likely via integrins. Integrins have been implicated to be major mechanotransducers in various cell types 7 and even co-localize with other cell surface mechanoreceptors forming a mechanoreceptor complex 8 . A model is developed to determine whether such attachment complexes in 6 would focally amplify strains to excite osteocytes.
II. METHODS
TEM micrographs showing direct attachments of osteocyte processes to puncated collagen hillocks are shown in Fig. 1 . Our idealized structural model for a local attachment complex is shown in Fig. 2 , based on the realistic 3D structural model by Han et al 5 . Structurally, a new structural complex composed of a cone-like collagen hillock with integrin and integrin intracellular anchor proteins (IIAP) on its apex is introduced to reflect the geometry of attachment complexes in Fig. 1 .
Collagen hillocks are considered to be rigid due to their mineralization. Integrin molecules and their associated IIAPs are treated as fixed supports. Therefore, the actin filament directly linked to the integrin complex will be immobilized to the rigid integrin complex, but the other 18 actin filaments can slide axially relative to this immobilized actin filament.
Transverse tethering elements are treated as flexible but inextensible strings. Cross-filaments are treated as inextensible and rigid rods. Thus, the load-induced fluid flow through the pericellular space will deform the idealized structure into dashed lines as shown in Fig. 2 , which will cause both radial and axial strains around integrin complexes.
The axial strain of the osteocyte process membrane in the vicinity of integrin attachments, a , will be examined.
III. RESULTS
a is approximately two orders of magnitude larger than whole bone tissue strains (Fig. 3) .
IV. DISCUSSION
A high focal axial strain concentration can occur in the vicinity of the integrin attachment site due to the sliding of actin filaments in the neighborhood of the integrin fixed filament.
The classic experiment 9 shows that bone mass will be maintained at a loading of 1000 (0.1%) at 1 Hz applied only 100 cycles a day. At that loading, a is predicted to be approximately 6%, which falls into the substrate strain range needed for mechanical stimulation of bone cells 1 .
The local axial strains can be an order of magnitude larger than the radial strains on the osteocyte process previously predicted in 4, 5 . This large local increase in strain amplification can provide a potential mechanism for osteocyte activations even at low amplitude but high frequency loading 10 . Our speculation about the underlying mechanism for this high focal axial strain concentration to excite osteocytes is that integrin attachment sites are co-localized with mechanosensitive channels and the large axial strains provide a mechanism for the regulation of these channels. Potential candidates include stretch-activated cation channels, hemichannels and P 2 X 7 receptor.
V. CONCLUSIONS
Integrin attachments along osteocyte processes would induce a high focal axial strain concentration, which amplify small bone tissue strains and can provide a mechanism for osteocyte excitation. 
